A study on the interaction of a 10 TW, 60 fs, Ti-Sapphire laser with a high-density long-scale pulsed nitrogen gas jet is reported. Experimental data on the laser propagation are analyzed with the help of a ray-tracing model. The plasma dynamics is investigated by means of time-resolved shadowgraphy and time-integrated high-resolution x-ray spectroscopy. Shadowgrams show that the plasma does not expand during the first 55 ps, while x-ray spectra exhibit an unusual continuum-like structure attributed to hollow atoms produced by charge exchange process between bare nuclei expelled from the plasma and molecules of the surrounding gas. The interpretation of the results is supported by particle-in-cell simulations. The question of x-ray lasing is also examined using a hydrodynamic code to simulate the long lasting regime of recombination.
I. INTRODUCTION
With the development of table-top terawatt lasers, new x-ray laser schemes based on the rapid recombination following optical-field-ionization ͑OFI͒ of a gas by a shortpulse high-intensity laser are under investigation. Lasing in H-like Li at 135 Å has already been reported by several laboratories.
1,2 Calculations show that dense and cold plasmas are required to obtain suitable conditions for lasing. 3 Measurements performed on optically ionized gases have demonstrated that the plasma electron temperature is determined by above threshold ionization ͑ATI͒ for moderate densities (10 16 -10 18 cm Ϫ3 ) and/or moderate laser intensities 4 -6 (10 16 -10 17 W/cm 2 ) while for higher densities (ϳ10 20 cm Ϫ3 ), it was shown that temperature may reach 1 keV when using 350 fs driving pulses. 7 In this latter case, plasma heating is mainly due to nonlinear inverse bremsstrahlung absorption ͑IB͒ and to stimulated Raman scattering ͑SRS͒. Particle-in-cell simulations carried out for a moderate laser intensity (Iϭ10 17 W/cm 2 ) show that the efficiency of these heating processes may be limited by using a shortpulse driving laser 8 (ϳ50 fs). However, to decrease the lasing wavelength which should scale 9 as Z Ϫ2 , where Z is the atomic number, and to achieve significant gain, it is of interest to use heavy elements which require increasing laser intensities to reach the desired charge state, high plasma densities, and interaction distances as large as possible in order to maximize the gain-length product. Recent calculations Ϸ1000 cm Ϫ1 ) may occur on the nϭ2→nϭ1 (ϭ25 Å) and nϭ3→nϭ2(ϭ134 Å) transitions of H-like nitrogen in a low temperature ͑Ͻ50 eV͒, high density (Ͼ10 20 cm Ϫ3 ) plasma produced with a laser which parameters are close to those of the laser used in the experiment described herein. Under such conditions, the laser power can exceed the critical power for relativistic self-focusing and electrons can then be accelerated by the ponderomotive force and be heated by parametric instabilities. On the other hand, it was demonstrated that relativistic self-channeling may enhance the interaction length [11] [12] [13] which would be limited to the Rayleigh range otherwise. It is then of interest to examine if suitable conditions for lasing can coexist with relativistic selfchanneling.
In this paper, we present a study on the interaction of a 10 TW Ti:Sapphire laser with a high density (ϳ2 ϫ10 20 cm Ϫ3 ) nitrogen gas jet undergoing optical-fieldinduced ionization. In the conditions considered here, the ratio of the incident laser power to the critical power for relativistic self-focusing is up to 70, the latter being given by the generally used expression 14 P c ϭ1.7ϫ10 10 ϫn c /n e W, where n e and n c are the electron and the critical density, respectively. The paper is organized as follows: The experimental setup is described in Sec. II. The experimental data are presented in Sec. III. In Sec. IV we analyze the data. The question of lasing in the x-ray range is briefly discussed in Sec. V. Finally, some comments and concluding remarks are given in Sec. VI.
II. EXPERIMENT
The experiments were performed with the UHI10 laser which was designed to generate 10 TW ultrashort pulses with a 10 Hz repetition rate. It works according to the standard chirped-pulse-amplification ͑CPA͒ technique. TitaniumSapphire rods are used as lasing medium and the operating wavelength of the system is 790 nm. In order to produce such high power ultrashort pulses with a good contrast, some specific optical systems had to be employed. The low energy ultrashort pulse produced by a modified commercial TiSapphire oscillator is stretched up to 300 ps by an aberration free Offner stretcher. After four stages of amplification, the pulse energy is about 1.8 J. The pulse is then recompressed down to 60 fs in a vacuum chamber directly connected to the experimental chamber. The contrast ratio, measured with a high dynamic cross-correlator is about 10 Ϫ5 at 1 ps. The post-and prepulses amplitudes are less than 10 Ϫ6 of the peak. A small amount of the energy is picked up between the third and the fourth amplifier, and is then sent to a second compressor. This beam has a 4 mJ energy after recompression, and the pulse is recompressed in air down to 60 fs.
A schematic diagram of the experimental arrangement is shown in Fig. 1 . In the experiment described here, the 50 mm diam laser beam was focused with an f/2.8 off-axis parabolic mirror onto a laminar pulsed gas jet of nitrogen. The 1/e 2 focal spot radius measured in vacuum was w 0 ϭ8 m (M 2 ϳ4), giving a Rayleigh range of 70 m and a peak intensity of 5ϫ10 18 W/cm 2 . The jet nozzle was a 20 ϫ1 mm slit which has already been described in detail elsewhere. 15 The density profile exhibits a 20 mm long plateau with L z ϳ1.5 mm longitudinal gradients. It can then be viewed as a semi-infinite medium compared to the Rayleigh range of the focusing optic. In the transverse direction, i.e., along the smallest dimension of the nozzle, the profile has a Gaussian shape with a 1 mm full width at half maximum ͑FWHM͒. The laser was focused 1 mm inside the jet and was propagated along the largest dimension of the nozzle. Experiments were carried out for backing pressures up to 20 bar, i.e., for maximum N 2 and electron densities of 5 ϫ10
19 cm Ϫ3 and 7ϫ10 20 cm Ϫ3 , respectively. The propagation of the laser through the plasma was studied with an imaging diagnostic looking at the laser light scattered at 90°from the direction of propagation of the laser. The image of the interaction region was performed with a magnification of 1, using two achromatic lenses and an 8 bit charged-coupled-device ͑CCD͒ camera. The spatial resolution of the imaging system was limited by the 12 ϫ16 m 2 pixel size of the camera. We were therefore not able to resolve spatial structures with scalelength shorter than the focal spot size in vacuum. An interference filter centered at ϭ790 nm with a 100 nm full width at half maximum was used to filter the radiation scattered at the laser wavelength. Calibrated neutral filters were used to attenuate the signal. The background noise due to the plasma emission was reduced by using polarizers aligned on the polarization axis of the laser.
The plasma dynamics was studied by time-resolved laser shadowgraphy. The probe was the ''low energy'' laser beam. The plasma evolution was followed on a 55 ps time scale with a resolution given by the probe pulse duration, i.e., 60 fs. The interaction region was imaged onto an 8 bit CCD camera with a magnification of 0.3, using an f/25 imaging lens. The numerical aperture of the lens was intentionally limited in order to optimize the sensitivity of the diagnostic. The cut-off angle was 2.3°which means that all the rays refracted by radial density gradients with a larger angle were not collected by the imaging optic and contributed to the dark image of the plasma.
A time-integrated measurement of the plasma x-ray emission in the 18.8 -19.6 Å wavelength range was per- formed with two focusing spectrometers with spatial resolution ͑FSSR-2D͒, 16, 17 which use spherically bent mica crystals with a 150 mm radius of curvature. The spectrometers were placed at 250 mm from the plasma. The central Bragg angle was 14.8°. The spectral resolution /␦ was about 2000, and the spatial resolution was 30 m. The emission was spatially resolved along the direction of propagation of the laser. Spectra were recorded on Kodak DEF or RAR 2492 films. The film holder was protected by two layers of 0.8 m polypropylen filters coated with 0.2 m of aluminum on both sides which transmit radiation with wavelength shorter than 30 Å. The spatial distribution of x rays was also studied by means of a pinhole camera with a 100 m diam hole and the same filters and films as those used with the spectrometers. The detection was performed at 45°from the laser axis in the forward direction. The magnification was limited to 0.25 by the experimental arrangement which used 2000 G magnets placed between the plasma and the pinhole to reduce the noise from energetic electrons stricking the filters and the film. The size of the hole was chosen in order to maximize the angle of collection without a significant degradation of the resolution along the direction of propagation of the laser. Figure 2 shows images of the scattering zone for 0.2 ͑a͒, 1 ͑b͒, and 8 bar ͑c͒ backing pressures recorded at 90°from the laser axis. The incident laser power was 10 TW. The position of the vacuum focus along the laser axis was deduced from the position of the scattering maximum for 0.2 bar backing pressure ͓Fig. 2͑a͔͒ by assuming that the propagation of the laser is not perturbed at such a low pressure. The beam propagated from the left to the right of the figure. In Fig. 2͑b͒ , one can see two bright spots. The number of spots was found to increase at an 8 bar backing pressure ͓Fig. 2͑c͔͒, and a periodic structure typical of a laser beam propagating in a nonlinear medium 18 with power in excess of the critical power for self-focusing was observed. The full width at half maximum of the scattering zone along the direction of propagation of the laser was then 18 times the Rayleigh range, i.e., 1.3 mm. The distance between the spots was observed to decrease with the backing pressure, as shown in Fig. 3 , which depicts the distance peak-to-peak between the spots as a function of the backing pressure in the 0.5-8 bar range. For the 8 bar pressure, we have reported the averaged value of the distance between successive peaks. There is first a fast decrease between 0.5 and 0.7 bar and then the distance drops exponentially with the pressure ͑solid line in Fig. 3͒ , decreasing from 1.5 mm for 0.7 bar to 240 m for 8 bar. We will see in the following section that this feature can be interpreted by the onset of relativistic self-focusing and the bright spots detected with the scattering imaging diagnostic correspond indeed to the multiple foci of the laser beam. On the other hand, a significant amount of the incident laser energy was refracted away from the axis after the first spot. It is clearly seen in Fig. 2͑b͒ , where the two large bright zones on the edges of the nozzle correspond to a fraction of laser light refracted outside the focusing cone angle. The angle of refraction was found to change dramatically with the backing pressure. It increased from 11.5°at 0.2 bar, i.e., from the focusing angle in vacuum, to 18°for 1 bar, and 172°for 8 bar. These observations were correlated to a fast decrease FIG. 2. Images of the scattering zone obtained for a laser power of 10 TW, and backing pressures of 0.2 ͑a͒, 1 ͑b͒, and 8 bar ͑c͒. The laser beam was focused at the jet entrance and was propagated from the left to the right of the figure. In case ͑c͒, the dimension of the scattering zone along the propagation axis is 1.3 mm ͑FWHM͒, i.e., 18ϫz R and the average distance peakto-peak is 240 m. with the pressure of the light transmitted by the plasma through a f /2 collecting lens. The transmission dropped from 100% at 0.2 bar to 4.5% at 8 bar. Figure 4͑a͒ shows shadowgrams of the plasma obtained at times T 0 , T 0 ϩ3 ps, T 0 ϩ7 ps, T 0 ϩ12 ps, and T 0 ϩ55 ps for an 8 bar backing pressure. The time reference T 0 coincides with the observation of a plasma at the vacuum focus which has been determined from the position of maximum scattering at 0.2 bar backing pressure. It is depicted in the images by a dashed line. The asymmetry of the plasma along the direction of propagation of the laser is due to the position of the focus which is close to the vacuum-gas interface. The well-defined boundaries of the dark region indicate the existence of sharp radial density gradients. The size of the plasma along the laser axis increases up to time tϭT 0 ϩ12 ps. The maximum length, defined as the position of the boundary at the latest time, is 3 mm. A careful examination of the shadowgrams reveals the presence of two minima, with the first one near the vacuum focus position. In Fig.  4͑b͒ , we have plotted the plasma boundaries at time TϭT 0 ϩ55 ps. The distance between the minima is 465Ϯ60 m and the plasma diameter is, respectively, 70Ϯ40 and 120 Ϯ40 m. Beyond the second minimum, the plasma spreads out with a 16°full angle. The expansion velocity of the plasma in the direction of propagation of the laser was measured to be equal to the speed of light in vacuum, with a 10% uncertainty, which shows that an ionizing front copropagated with the laser pulse. This result, together with the existence of sharp radial density gradients, indicates that the plasma was created by an OFI process. Thus, if one considers that the boundaries of the dark region correspond to the isocontour Zϭ1, where Z denotes the ion charge state, the shadowgrams give the position of the isophot Iϭ1.8ϫ10 14 W/cm 2 , which is the laser intensity required to produce singly charged nitrogen ions. 19 Of course, this assumption holds as long as no hydrodynamic expansion takes place. This is the case here, since no evolution of the plasma in the radial direction is observed up to the latest time. From the shadowgram obtained at time TϭT 0 ϩ55 ps, we then inferred the axial evolution of the beam radius by assuming a Gaussian radial beam profile. The result is given in Fig. 5 . The beam radius is measured at 1/e 2 of the Gaussian profile. The full circles depict the experimental data while the solid line gives the evolution along the laser axis of the radius in vacuum, normalized to the waist, w 0 . The first minimum observed on the shadowgrams coincides with a first focus which size is between 1.4 and 6 times the beam waist in vacuum. The second minimum gives a radius between 3 and 11 times w 0 , but it is only 0.5 to 1.7 times the radius in vacuum at the same position along the laser axis. In the same way, we also inferred a beam divergence from the shadowgram. We found a 42°full angle while the divergence in vacuum was 11.5°f or M 2 ϭ4. Figure 6 shows the spatial distribution of radiation with wavelength shorter than 30 Å, obtained with the pinhole camera for an 8 bar backing pressure. The image results from a summation of the signal over 400 laser shots. X rays are emitted by two spots which peak-to-peak distance is 1.65 Ϯ0.15 mm. The structures in the image of Fig. 2͑c͒ are not seen here because the spatial resolution of the pinhole camera does not allow for their observation. A spectrally resolved image realized in the 18.8 -19.6 Å wavelength range, for the same experimental conditions as the pinhole image, is shown in Fig. 7͑a͒ . Spatial structures observed with previous diagnostics are also clearly seen here. Spectra corresponding to positions zϭϪ1 mm, 0, and 1.65 mm along the laser axis are shown in Fig. 7͑b͒ . Their comparison reveals strong spatial inhomogeneities in the emission, and in most cases, a continuum-like structure near the usual positions of the 5p, 6p, 7p, and 8p -1s resonance lines of H-like ions is present. Such a structure was found to be quite reproduceable and rather insensitive to the plasma density. On the other hand, x-ray emission was very sensitive to the incident laser power and no signal was detected for laser power below 5 TW.
III. EXPERIMENTAL RESULTS

A. Diagnostics of the interaction
B. Plasma diagnostics
IV. INTERPRETATION OF THE RESULTS
A. The interaction
A simple model of propagation
To simulate the laser propagation in the ionizing gas and to interprete the results of Fig. 3 , we developed a simple ray-tracing model very close to the one described in Ref. 20 . This model gives the evolution of the 1/e beam radius, r 0 , along the direction of propagation of the laser, z, in the paraxial approximation, assuming a radial Gaussian shape profile. 21 Both field ionization, calculated by the barriersuppression-ionization ͑BSI͒ model, 19 and relativistic selffocusing effects were included in the calculation of the plasma index of refraction. Actually, the ionization was calculated in the same manner as described in Ref. 22 . The scaling with the charge state of the ionization potential was approximated by a piecewise function of the form,
where U(Z) is given in eV.
The main differences of our model with the one of Ref. 20 are that in our case, the spatial variation along the propagation axis of the linear part of the index of refraction was taken into account, and the model is valid for an arbitrary laser field amplitude, i.e., the relativistic factor ␥ was not developed in powers of a 2 , a denoting the normalized vector potential. No artificial limitation of the minimum beam radius was then necessary when self-focusing occurred. Figure 8 shows the evolution of the beam radius along the propagation axis for parameters relevant to the experiment. The dotted curve depicts the spatial profile of the atomic density prior to the arrival of the laser pulse. The beam radius passes through several minima in the gradient region of the jet before stabilizing in the plateau. We note that such a feature was already observed with more refined models based on the nonlinear Schrödinger equation with a cubic term. 23 At the end of the jet, the laser beam diverges with an angle about four times the convergence one. The inset in Fig. 8 shows the detail of the multiple foci. The distance between the foci decreases as the laser propagates deeper in the jet, i.e., as the density increases. In Fig. 9 , we have plotted the distance between the first and the second focus ͑solid square͒ as a function of the backing pressure. In this figure, we have also reported, for comparison, the experimental data of Fig. 3 ͑full square͒. The general shape of the experimental curve ͑Fig. 3͒ is well described by the model for pressures above 2.5 bar. Particularly, it reproduces the exponential decay. Hence, one can interprete the bright spots detected with the imaging diagnostic as multiple foci resulting from the relativistic self-focusing of the laser beam, provided that the perturbation of the electron density by the laser field was weak, 24 the number and the distance between the foci depending on the competition between refraction/ diffraction effects on the one hand, and relativistic selffocusing on the other. The increase of the intensity of the second spot compared to that of the first one with the backing pressure would indicate that the beam was more and more tightly focused as the gas pressure was increased. On the other hand, the observation of a fraction of laser light scattered at increasing angle with the pressure also indicates that the beam should undergo stronger and stronger defocusing due to the combined effect of ionization-induced refraction and a strong convergent angle of incidence. 25 It is worth noting that the evolution of the beam radius inferred from the shadowgram of Fig. 4a also shows the presence of two foci which indicates that relativistic self-focusing had to happen in our experiment, even though the size of the foci seems bigger than the beam waist in vacuum.
In spite of a good description of the experimental curve shape for pressures above 2.5 bar, the calculated values are a factor 2 or 3 smaller than the experimental ones. Below 2.5 bar, an even worse agreement is found. Furthermore, the model fails to describe the experimental data beyond the first two foci. When the power is well in excess of the critical power for self-focusing, it predicts the creation of a plasma with fully stripped ions on the full length of the jet. This is obviously not the case in the experiment, as can be seen on the shadowgrams of Fig. 4͑a͒ which show that the plasma length does not exceed 3 mm for an 8 bar backing pressure. Several reasons may be invoked to explain these discrepan- cies. First, the model does not describe the dynamical coupling between the laser pulse and the plasma, and specifically the excitation of large amplitude plasma waves which occur for electron density close to the critical density. In particular, the Raman forward scattering ͑RFS͒ instability was observed to be very effective to accelerate electrons up to 100 MeV energy in experimental conditions close to ours 26 -28 and numerous numerical studies have demonstrated that RFS is responsible for the erosion of the pulse as it propagates through the plasma. [29] [30] [31] Furthermore, these studies have also shown that RFS can be enhanced by relativistic self-focusing. Second, the time dependence of the ionizationinduced refraction is not described in the model. Third, the paraxial ray approximation is no longer valid when the beam undergoes strong refraction. Fourth, ponderomotive filamentation may take place when the laser power becomes much larger than the critical power for self-focusing. 32 In this latter case, full three-dimensional simulations are required to correctly describe the evolution of the beam since the approximation of an azimuthal symmetry breaks up. Finally, the scattered signal obtained with the imaging diagnostic is a rather complicated function of both the laser intensity and the electron density. Actually, the bright spots in Fig. 2 do coincide with maxima of the laser intensity providing that the charge displacement due to the ponderomotive force remains moderate, and especially no cavitation occurs. Otherwise, the density, and consequently the scattered signal, is minimum in the regions of maximum laser intensity. 
Two-dimensional particle-in-cell simulations
To point out the mechanisms which drive the interaction of the laser pulse with the plasma, two-dimensional Cartesian particle-in-cell ͑PIC͒ simulations were performed with the code MANET, 33 for initial electron density n e ϭ2 ϫ10 20 cm Ϫ3 (n e ϭ0.12ϫn c ), and temperature T e ϭ45 eV. The temperature was chosen in order to reproduce the initial conditions of a plasma produced by optical-field ionization of nitrogen by a 60 fs Ti-Sapphire laser. 34 Because of the high density and low temperature of the plasma, we had to take small time and spatial step size to avoid numerical heating. For practical reasons, the plasma was thus much smaller than in the experiment. The space and time step were 0.04k 0 Ϫ1 and 0.02 0 Ϫ1 , respectively. The plasma density profile was a slab of 60k 0 Ϫ1 ϫ76k 0 Ϫ1 (8ϫ10 m 2 ) and the grid size was 70k 0 Ϫ1 ϫ76k 0 Ϫ1 (9ϫ10 m 2 ). The total number of particles was 15ϫ10 6 . The laser pulse was supposed to have a Gaussian-shaped spatio-temporal profile with a 60 fs FWHM and a 10 19 W/cm 2 peak intensity. The focal spot radius was 1.25 m FWHM which is a factor of 6.4 times smaller than in the experiment. It was observed that a significant amount of electrons is pushed out of the plasma by the ponderomotive force, as shown in Fig. 10͑a͒ which gives the time evolution of the transverse profile of the electron density, averaged along the direction of propagation of the laser. The time is defined with respect to the position of the maximum laser intensity in the simulation box. At time t ϭ0, the intensity is maximum in the first cell filled with a plasma. Some electrons are expelled from the laser axis 30 fs before the maximum of the pulse reaches the plasma. Subsequently, a channel forms and lasts well after the laser is over. At time tϭϩ85 fs, the density on the plasma axis has dropped from n e ϭ0.12ϫn c to n e ϭ0.09ϫn c and the temperature has rapidly increased up to 900 eV, due to stimulated Raman backward scattering ͑SRBS͒ instability which growth rate is higher than the one of RFS. 35 Due to the departure of the electrons from the axis, a space-charge field builds up which in turn accelerates a fraction of the ions of the plasma. These ions begin to move some 30 fs after the electrons. The evolution of the transverse ion density profile is given in Fig. 10͑b͒ . The ion velocity is around 3 ϫ10 8 cm/s. The final electron temperature demonstrated to be quite insensitive to the size of the simulation box. A run performed with a plasma length twice as the previous one gave a final temperature around 1 keV. It is worth noting that the results of these simulations are in good agreement with the experimental one of Blyth et al. 7 who observed a strong plasma heating by SRBS (T e Ͼ1 keV) for experimental conditions close to ours.
B. The x-ray spectroscopy
Extended atomic data calculations have been carried out 36, 37 to interprete the spectrum of Fig. 7 . It was found that transitions of the type nlnЈlЈ -lsnlЈ fall into the observed spectral window. Subsequently we have performed spectra simulations with the MARIA code 38 taking these rather exotic configurations ͑so-called transitions in hollow ions͒ up FIG. 10 . Transverse ͑a͒ electron and ͑b͒ ion density profile calculated with the PIC code at times tϭϪ30 fs ͑solid line͒, Ϫ50 fs ͑full circle͒, 0 ͑full triangle͒, ϩ40 fs ͑open circle͒, and ϩ85 fs ͑cross͒ for initial plasma and laser parameters relevant to the experiment: n e ϭ2ϫ10 20 cm
Ϫ3
, T e ϭ45 eV, ϭ60 fs, and Iϭ10 19 W/cm 2 . The profiles were averaged along the direction of propagation of the laser.
to n,nЈϭ8 into account. Due to spectator electrons in higher shells, numerous transitions accumulate near the usual position of np -1s resonance lines. This effect leads to a so called accumulation of dielectronic satellite transitions which can even considerably exceed the resonance line intensity. [36] [37] [38] [39] [40] [41] The formation of He-like satellite lines relates to double electron charge exchange process 37 between bare nuclei coming from the plasma channel and the surrounding gas N 7ϩ ϩN 2 →N 5ϩ (nl,nЈlЈ)ϩ2N ϩ . This is a process which strongly competes with the usual recombination mechanisms like three-body recombination and radiative recombination. Moreover, these usual recombination processes require a two step process for the formation of the autoionizing levels nlnЈlЈ, whereas the double electron capture produces such configuration in one step. It was found that the spectral distribution is highly sensitive to the temperature for T e -values below 100 eV. Figure 11 shows the fitting of the spatially averaged spectrum measured for an 8 bar backing pressure. Quite a good agreement was obtained for an electron temperature of 30 eV. All the fine structures, in particular near the 5p -1s transition, are not well reproduced because they result from the superposition for numerous transitions with different spectator electrons and different angular momentum coupling of the two electrons. On the other hand, the value of the temperature inferred from the spectrum is unexpectively low compared to the one inferred from SRS backscatter and sidescatter measurements by Blyth et al. 7 and to the value given by particle-in-cell simulations. This may be explained by the fact that the spectra are timeintegrated and then may address the long lasting regime of recombination. Moreover, spectra are also space-integrated along the radial direction. Thus, the emission may come from the boundaries of the plasma where a partially ionized gas exists, as suggested by the charge exchange process proposed to explain the broad emission structures in the spectra.
As already mentioned, the emission of He-like satellite lines is very sensitive to the incident laser power. This indicates that the emission is strongly correlated to the laser intensity and is ruled by a threshold-like process and suggests that bare nuclei are produced by OFI ionization. Since the threshold intensity required to fully strip nitrogen atoms is 1.6ϫ10
19 W/cm 2 , one can expect an increase by at least a factor of 3 of the maximum intensity reached in vacuum on distances well in excess of the Rayleigh range.
The existence of a charge exchange process between bare nuclei and N 2 molecules demonstrates that fully stripped ions leave the region where they are created, i.e., the region of maximum laser intensity. Since the spectrum of Fig. 7 is time integrated, this charge exchange process may occur either during or after the laser pulse. Hence, several mechanisms may be responsible for the motion of nuclei. They can move during the laser pulse, due to Coulomb explosion after N 2 molecule was field ionized. The time variation of the internuclear distance in the molecule can be approximated by
where R 0 ϭ0.109 nm is the initial internuclear distance for the N 2 molecule, and
, expressed in atomic units, is the expansion time scale of the molecule. Z and m i are the ion average charge and mass, and e is the elementary charge, respectively. For Zϭ7, ϭ0.8 fs, and the maximum velocity of the nuclei given by vϭR 0 /2 is equal to 6.8ϫ10 6 cm/s. To make collisions with N 2 molecules, fully stripped ions must reach a region where the laser intensity is lower than 10 14 W/cm 2 which is the minimum laser intensity required to ionize N 2 molecule. They have to move on a typical distance, d, which is at least 3.4ϫw 0 , where w 0 ϭ8 m is the vacuum focal spot radius. For vϭ6.8ϫ10 6 cm/s, the time ⌬ i required for bare nuclei to reach the gas surrounding the plasma is around 400 ps. ⌬ i has to be compared with the three-body recombination time R . For the nϭ7 atomic state, R ϭ20 psϽ⌬ i and recombination should take place before bare nuclei reach the neutral gas. Ions can also be accelerated by the space-charge force which builds up after the ejection-by the ponderomotive force-of the electrons from the plasma channel. This process should take place in the present experiment, as shown by PIC simulations and as observed by other groups for parameters close to ours. 42 The characteristic time required for ions to leave the plasma and to reach the surrounding gas can be estimated from the ion velocity given by the PIC simulations (vϷ3ϫ10 8 cm/s). For dϭ3.4ϫw 0 , ⌬ ϭ9 ps, which is shorter than R . Thus, charge exchange process may be seen as a consequence of the acceleration of bare nuclei in the space-field created by a lack of electrons due to the ponderomotive force.
V. STUDY OF THE PLASMA DYNAMICS IN THE LONG LASTING REGIME
Finally, we tried to address the question of x-ray lasing for the conditions of the present experiment. We used the one-dimensional Lagrangian hydrodynamic code CHIVAS in cylindrical geometry 43 to simulate the radial evolution of the plasma on a 100 ps time scale. The electron density profile and the average temperature given by the PIC code were taken as initial conditions. Heat conduction was described by the classical Spitzer-Härm formula with a flux limiter. The code shows that the plasma rapidly cools down on the first 100 ps due to electron thermal conduction, as inferred from the expansion velocity of a thermal blast wave measured by interferometry or shadowgraphy in different experiments on laser-gas interaction. 44, 45 In our case, we did not observe any blast wave propagating in the surrounding gas, the plasma boundaries remaining at the same position ͑within the spatial resolution limit of the shadowgraphy diagnostic͒ between times T 0 ϩ12 ps and T 0 ϩ55 ps. At these early times, our measurements probably fall into the stagnation phase described in Ref. 44 which corresponds to the time required by those electrons leaving the plasma to significantly ionize the surrounding gas by collisions. The temporal evolution of the electron density and temperature on the channel axis is given in Figs. 12͑a͒ and 12͑b͒ , for a flux limiter f ϭ0.1. Initially, one can observe a fast decrease of the electron temperature which falls from 900 eV to 70 eV on the first 4 ps with a subsequent slower decrease. After 100 ps, the plasma has cooled down to 5.5 eV. The density decreases almost exponentially with time and drops from 7.5 ϫ10
19 cm Ϫ3 to 2ϫ10 18 cm Ϫ3 in 100 ps. This calculation shows that suitable conditions for x-ray lasing could be achieved on the nϭ3→nϭ2 (ϭ134 Å), despite a large initial electron temperature, but not on the nϭ2→nϭ1 ( ϭ25 Å) for which the constraints on the density and the temperature are more severe. 10 Since the flux limiter was fixed somewhat arbitrarily in the simulation, we have tested its influence on the characteristic cooling time of the plasma. We have performed simulations with f ϭ0.01, and we have observed that the cooling time was quite insensitive to the value of the flux limiter.
VI. CONCLUSION
In summary, the study on the interaction of a 10 TW, 60 fs, Ti-Sapphire laser with a high-density long-scale pulsed nitrogen gas jet has shown that a optical-field produced plasma with fully stripped ions can be produced on distances well in excess of the Rayleigh range of the laser beam, due to relativistic self-focusing. However, it was also demonstrated that the region of the plasma corresponding to the maximum degree of ionization was strongly inhomogeneous along the laser axis, which should be a severe limitation for the gain build up in x-ray laser experiments. To circumvent this difficulty and to limit ionization-induced refraction of the highpower laser pulse, the preionization of the gas by a laser with a pulse duration of a few hundreds picoseconds seems the best way. 46 Nevertheless, this will certainly not suppress the development of instabilities and the consecutive heating of the plasma. The experimental study of the plasma cooling mechanisms by means of time-resolved spectroscopy and interferometry are then of particular importance for future x-ray laser studies. FIG. 12 . Temporal evolution of the electron density ͑a͒ and temperature ͑b͒ on the plasma axis given by the hydrodynamic simulation for a flux limiter f ϭ0.1.
